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' ABSTRACT

A new model for the characteristic calculations
using the two-exponential model has been implemented by
using experimental data. The determination of the cell
equation parameters when all tested poinis are iaken into
consideration is accomplished by applying the least-
squares method. Commiercial solar cells were measured
and their parameters were calculated for the diode factors
mj=1 and m3=2. Series resistance values obtaired
experimentally from measurments of the dynamic
resistance are used. After a set of itteration the
parameters corresponding tothe minimum value of

deviation are chosen as those charecterising the solar cell.

INTRODUCTION.

The equivalent circuit of a solar ceil permits describing the physical
behaviour of this cell and its characteristics. The measured
characteristic of a solar cell can be approximated through different
mathematical functions. The physical relations derivated by Shockly [1]
for an ideal p-n junction are the fundamentals of a very often used

equivalent circuit for photovoltaic solar cells, fig.1. The diode dark
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current Ip can be calculated by the following relation:
ID =Io [exp(V/VT) - 1] ey

where I is the saturation current

Io=qve(np+pn)A (2)
and ;
q = electron charge

ve = charge carrier velocity
np = charge carrier concentration (electrons in p conductor)

pn = charge carrier concentration (holes in n conductor)
A = Area of the p-n junction

V = Applied voltage

VT = the so called temperature tension VT= k T/q

k = Boltzmann’s constant

T = Absolute temperature.

Generally, semiconductor resistances can not be neglected. Hence,
resistances of the cell can be represented as series resistance and
leakage currents as parallel resistances. Although these resistances in a
real solar cell appear destributed, they will be represented in the

equivalent circuit as concentrated

Hluminating the p-n junction, an external load current I, will flow :

IL=Iph-ID )

where Iph is the generated photo-current.
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Simufation of the I-V Characteristics ....

eq.{1) in (3) and considering the voltage drop due to the

series resistance Rg and the leakage current in the shunt resistance Rgh

H :

Substituting
we obtain the following relation between the load current If and the

load voltage V, i.e. the I-V characteristic of the solar cell:
I =Iph- Io[eXP(V+ILRs)/(leT) 1] - (V+ILRs)/Rsh (4)

In this equation appears the diode factor m], which represents the non-
linear performance of the p-n junction. This factor lies in the range of
i-2 [2]. However, there are measured values ofit up to 4 [3]. Only

very accurately produced solar cells of Germanium give, according to

the Shockley model a performance of m1=1 [4].

The determination of the parameters of a solar cell described by a
single exponential equation has previously been attempted by analytic
(5,61 and numerical methods [7], [8] and [9]. The single-exponential
approach can be used for many design calculations of solar electrical
systerns, However, as the phenomena are considered globally in the
singlz-exponential model, its parameters can lose their meanings
because the parameters are related to physical phenomena. Therefore a

and computationally efficient double-exponential model should

s

Studies of Wolf and Rauschenbach [10] showed that the
characterisiic of a solar cell can conveniently be represented by an
2. The dark current-voltage (I-V) characteristic

-2 then described by the equation considering the voltage drops

o b
ekl LW

iue 1¢ the series resistance Rg :
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I=-Io1{ exp[e(V-IRs)/m]kT ] - 1}- Ip2 { expe(V-I Rs.)/mZkT]"l}
- (V-IRs)Rsh ()

where the parameters Ig],Ig2,m1,m2,Rg and Rgh have their usual
meanings described above. Thus, by illumination the eq.(4) canbe

modified into:

IL = Iph-To1{exp[e(V+ILRs)/m1kT ] -1} - Io2 { exp [e(V+ILRg)
fm2kT} -1} - (V+ILRs)/ Rsh (6)

A simple method for determining the parameters in eq. (6) from

experimental data is important to predict the behaviour of the solar

cell under illumination and under various working conditions e.g.
various operating temperatures. The temperature dependances of the
saturation currents I} and Ip2 are given in [11] and [12] as follows:

Io1 = T3exp(-Eg/kT) and N
Io2 = T5/2exp (-Eg/2kT) (8)

The band gap energy Eg of the semiconductor is again temperature
dependent. In case of Silicon, values between -2.3x10-4 to -2.8x10-4
eV/OK are registered for a middle band gap of Eg=1.15 eV at 273 0K,
The currents Ig] and Iop2 can be separated by measurements at

different temperatures.

2. Experimental evaluation of the series resistance.
The determination of the series resistance Rg can be obtained

through two characteristics by different illumination intesities [10]. The
series resistance will be defined near the maximum power point. This
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procedure has been used here with the simplification that one of the
two characteristics was measured in dark while the other by the desired
illumination level. The diode dark characteristic gives according to
eq.(5) for IL=-I" and V=V*:

I*= Io1{ exple(V*-I* Rg)/mikT ]- 1} + Io2 { exp[e(V*-I*
Rs)
/m2kT] -1} + (V*-I* Rg)Rsh ©)
The characteristic of the illuminated solar cell will be evaluated by

the open circuit, i.e. I =0 and V=V!

0=1Iph-lo1{ expleVoe/m1kT ] - 1}- 12 { exp[eVoe/mokT] -1}
- Voc/Rsh (10)

Assuming a current 1" = Iph, the comparison of eq (9) and (10) results

in

[Voc-(V*-Rs Iph)]/ Rsh =
Totexp(Voe/m1VT) [exp[(V*-Rs Iph-Voc)/m1VT] -1]
+ Io2exp(Voo/m2VT) [exp[(V*-Rs Iph-VocymaVT] -1] (1D

and this gives as solution
Voc - (V*-Rs Iph) =0 (12)
which results in :
Rg = (V" - Vo) Iph (13)

provided that for a certain photo-current Iph the corresponding o.c.
voltage Voc and for a diode dark voltage V™ the corresponding
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current [* = Iph are known. Fig.3 shows the evaluation of the series
resistance for a 5x5 cm2 polychrystalline Silicon solar cell. Fig.4 shows
the dark characteristic of the solar cell. The diode factors, m1 and mp
can be evaluated using this representation so that the slopes of this
curve at high and low currents are index for the factors m] and my as

shown in the figure..

3. Parameter determination from dark current-voltage

measurements «
As the current-voltage characteristic of a solar cell, eq.(5), is non-

linear in its parameters, methods such as the modified Gauss-Newton
technique should be used for its solution, [13] and [14]. The approach

presented here for the determination of the cell parameters from

experimental data is based on a least-squares standard deviation
technique for linear functions, since we consider m],m2 and Rg as
constant parameters. With this assumption, eq.(5) is linear in its
remaining parameters 151,102 and Rgh, thus these parameters and the

standard deviation can be calculated [15]. Thus

o =r.m.s.(Al/ Iimeas)
i=
=[ (/N2 { [ Teate(VD-Tmeas(VD) 1/ Imeas(Vi) }2]1/2
i=1
After a matrix of ¢ values has been evaluated, the parameters
corresponding to the minimum value of the standard - deviation are

chosen as those of the best fit.

For most practical cases the calculations can be simplified

considerably assuming the m] exponential term generally according to
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Shockley's diffusion theory equals to 1. Additionally, to a first
cximation we can assume that mp=2, corresponding to the

sckiey-read-hell recombination currents in the junction space charge
.. Finally, the vector o(Rgl) is calculated for a set of Rg values

around a quickly estimated values according to eq.(13).

4, Method

Two kinds of commercial flat-plate solar cells of different
manufacturers are used in this test. One is circular monochrystalline Si
of & cm diameter and the other is polychystalline Si 5x5 cm2 are used
in the measurements in order to calculate the belonging parameters for
each type. Calculated parameters for the best fit of the standard
dgeviation for mi=1 and mp=2 are presented in Tablel. Series
resistance values obtained experimentally from measurements of the
dynamic resistance are also included. It should be noted that there is a

good agreement between the two sets of series resistance values.

The agreement is rather good when the temperature dependence is
considered. For the solar cell type 1 a ratio I51(500C) / I51(250C) =
6.6 is obtained, while a ratio of 7.0 is obtained if we consider a
serature dependence of the form Jo1=T3 exp(-Eg/kT), as predicted
by Shockley's diffusion theory.

~or the Io2 component, however, the agreement is not so good.
The ratio 192(5300C)152(250C) for the same cell is 2.4 if calculated
from the values in Tablel and is 3.1 calculated from a dependence of
ihe type Igp=TS/2 2exp(Eg/2kT) corresponding to a space charge
recombination model. Furthermore, the fits between the measured I-V
the calculated 1-V from the best fit parameters show some
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discrepancy in the low current region, as can be seen in Fig.2, precisely
in the range where the Ipy term becomes dominant. All this can be
interpreted as a failure of the mathematical model with m) = 2. In fact

we realized that the fit improves for m2 values greater than 2.

An examples for the approximated characteristic according to this
technique is presented in fig.5. It shows the measured and calculated
characteristics of a commercial PV generator consisting of 36 10x10
cmZ monochrystalline Si solar cells in series under 100 mWcm-2
illumination at AM1 The agreement between measured and calculated
characteristics is very good. Generally in most of the cases a good

approximation can be achieved using the ideal diode factors. It was

possible for all examined cases to obtain a good approximation using

the two-exponential representation.

5. Limits of the two-exponential representation.

The appearance of non-linear diode factors mj= 1 and mp =2
verifys the fact that the two-exponential representation in fig.2 is
actually only a useful approximation. In high currents cases, e.g. solar
cells for concentration applications, it results a potential distribution in
the semiconductor, [10],[16] and [17]. In ref, [16]iit results a potential
distribution iit results a potential distribution in the semiconductor,
[10],[16] and {17]. In ref. [16] some inner resistance componenets ofit
results a potential distribution in the semiconductor, [10],[16] and

[17]. In ref [16] some inner resistance componenets ofit results a
potential distribution in the semiconductor, [10],[16] and [17]. In ref.
[16] some inner resistance componenets ofit results a potential
distribution in the semiconductor, [10],[16] and [17]. In ret. [16] some

inner resistance componeniit reing the distributed series resistance
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representation.

The mentioned aspects arise approximation problems so that even
by the two-exponential representation non-ideal diode factors could
appear. The physical procedures can be in such cases not perfectly
described. Thus, the validity of the above described equivalent circuit

should be case by case carefully examined.

5. Conclusions
The determination of the parameters of the two-exponential model

of a solar cell from experimental data is possible using the least-squares
standard deviation technique described in this paper.This procedure is
closely related to the physical phenomena and suitable for simulation

purposes.
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Table (1) : Results for the best fits of standard deviation with
my=land mz =2.

Cel. Area T R Rg Io1 Io2 Rsh o
Type (ecm2) (°0) (m<Y (mQ)  (Acm?)  (Aem?) (Q)
calc. meas. x10-12 x10-6
mono 19.6 25 22 21 1.75 0.34 1442  0.101
19.6 50 22 21 11.6 0.82 1402 = 0.125
poly 25 25 72 70 2.09 1.5 986  0.082
25 50 72 70 10.81 2.1 965 0.103
FIGURE CAPTIONS »
Fig.1. Common equivalent circuit for solar cells.

g.2. Two-exponential representation for solar cells.
Fig.3 Series resistance of a 5x5 cmZ2 polychrystalline Si solar ceil
g p

vs. photocurrent.
Fig.4 Diode I-V characteristic for a 5x5 cm?2 polychrystalline Si

solar cell.
Fig.5 PV generator; measured and calculated characteristic.
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